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ABSTRACT: The atomic-scale insights into the interaction of water with oxide surface 
are essential for elucidating the mechanism of physiochemical processes in various 
scientific and practical fields, since the water is ubiquitous and coats multifarious 
material surface under ambient conditions. By utilizing periodic density functional 
theory calculations with van der Waals corrections, herein we report for the first time 
the energetically and thermodynamically favorable homolytic dissociative adsorption 
behavior of water over magnesia (001) films deposited on metal substrate. The water 
adsorption on pristine magnesia (001) is quite weak and the heterolytic dissociation is 
the only fragmentation pathway, which is highly endothermic with large activation 
barrier of 1.167 eV. The binding strength for the molecular and dissociative adsorption 
configurations of water on MgO(001)/Mo(001) are significantly larger than 
corresponding configurations on bare magnesia (001). The homolytic dissociative 
adsorption energy of water on monolayer oxide is calculated to be -1.192 eV, which is 
even larger than all the heterolytic dissociative adsorption states. With the increase of 
the oxide thickness, the homolytic dissociative adsorption energy decreases promptly, 
indicating the nanoscale of oxide film play a crucial role in homolytic splitting of water. 
The homolytic dissociative adsorption structure could be obtained by transformation 
reaction from heterolytic dissociative adsorption structure, presenting activation 
barriers 0.733, 1.103, 1.306, 1.571, and 1.849 eV for reactions on 1 ML – 5 ML films. 
Bader charge population and differential charge density contours are analyzed to 
interpret charge transfer mechanism in the composite structure and between surface and 
adsorbates. The electronic states of dissociative adsorbates are located at lower relative 
energy ranges, with decreasing film thickness, which further implies the ultrathin oxide 
films are more favorable for stabilizing the produced hydride and hydroxyl species. The 
bonding characteristics between hydride/hydroxyl of homolytically dissociated water 
with ultrathin magnesia (001) are uncovered by characterizing the electron localization 
function and particular occupied orbitals. It is anticipated that the results here could 
provide inspiring clue and versatile strategy for enhancing chemical reactivity and 
properties of insulating oxide toward homolytic water-splitting processes involved in 
novel and unprecedented applications. 
1. Introduction 
Physiochemical process occurring on metal oxide plays an important role in surface 
science.1 Surface defects change the local surface stoichiometry and influence the 
surface properties greatly. Functionalization of metal oxides with defects are 
extensively adopted for realizing high reactivity of oxide surfaces, and the color centers 
and vacancies are frequently involved in chemical reactions due to more attractive 
defect-adsorbate interaction compared to the perfect surface areas.2 In addition to 
surface defects, the oxide surface with other unsaturated surface sites such as steps, 
kinks and corners can also enhance the catalytic reactivity and properties of metal 
oxides.3 The embedded surface defects in well-defined oxide can donate or abstract 
electrons to adsorbed species, which promotes the activity of unreactive insulating 
magnesia considerably.4 Metal particles dispersed over oxide substrates are extensively 
employed as a conventional way in industrial catalyst, and the supported metal atoms 
are directly involved in the catalytic reactions.5 Compared with the bulk oxides, 
scientists know much less about the special structures and catalytic performance of 
oxide films at the nanoscale. Rodriguez et al investigated the unique properties of 
inverse deposition of nanometer ceria on metallic crystalline surface, and prospected 
the inspiring advances and opportunities of inverse oxide/metal catalyst.6 The strong 
oxide-metal interaction (SOMI) present in inverse oxide/metal catalyst activates the 
supported oxide greatly through charge transfer, and the inverse catalysts show 
remarkable reactivity for a number of very important reactions such as CO oxidation,6 
water gas shift reaction,7 CO2 conversion,
8 and steam reforming of methane/alcohol.9  
Magnesia, a representative ionic crystal, has become one of the crucial model 
systems for understanding the very sophisticated surface structures and phenomena. 
The adhesion behavior of metallic adsorbates (such as copper,10 nickel,11 palladium,12 
silver,13 rhodium,14 cobalt,15 gold,16 lithium,17 potassium18) on ideal MgO (001) surface 
are extensively studied, which provide meritorious implications for understanding the 
growth patterns of metal clusters on inert magnesia and the special properties of 
interfacial metal-oxide composite structure. Apart from the metal/magnesia interfaces, 
the adsorption of metal nanoclusters and important molecules on metal-supported 
magnesia films becomes a topic of interest experimentally and theoretically to reveal 
unusual catalytic behavior of inert insulating oxide at nanoscale. The Pdn and Rhn 
clusters deposited on magnesia thin films epitaxially grown on metal substrates exhibit 
peculiar activity and selectivity for acetylene polymerization,12b, 19 and show 
considerably strong binding energies toward CO.20 On supported thin magnesia film, 
the equilibrium structure of small gold clusters with three to seven atoms prefer linear 
configuration, and the 2-dimensional gold plane prevails only for the even larger atom 
assemblies.21 In addition, Pacchoini et al. confirmed unambiguously the formation of 
gold anions on ultrathin magnesia films by accurate analyses of the observable 
consequences obtained theoretically.22 The electrostatic interaction between the metal 
substrate and the metal-induced excess charge accumulation at the adsorbate-oxide 
interface should be responsible for the enhanced bonding interaction between gold 
nanoclusters and magnesia.23 Risse et al.24 elucidated the adsorption behavior of gold 
dimers on thin magnesia film using low temperature scanning tunneling microscopy 
and density functional calculations, and found that the dimers can exist in both neutral 
upright structure and charged flat lying isomer, which implies microscopically that the 
electronic properties of adsorbates can vary considerably with adsorption geometries 
and sites. The adsorption site (above the oxide film or at the interface) and the coverage 
of alkali metal were found to be important factors which substantially lower the work 
function of oxide-metal hybrid systems.25 For alkali atoms adsorbed on thin magnesia 
films, the preferred binding sites are surface oxide anions, with different anion locations 
as a function of the deposition temperature and metal categories, and the hyperfine 
coupling constants are reduced due to polarization effects.26 Savio et al.27 revealed by 
STM analysis and DFT calculations the formation of flat NixOy aggregates facilitated 
by segregation of interfacial oxygen atoms, which give a further proof of the peculiar 
behavior of ultrathin oxide films. Tosoni et al.28 investigated the bonding modes of CO2 
with bulk magnesia, Al-doped magnesia, and metal-supported magnesia films, and 
found that the activation effects and adsorption properties of ultrathin magnesia films 
strongly depend on the metal supports. Chen et al.29 reported the heterolytic and 
homolytic dissociative splitting of dihydrogen on thin magnesia films, and deduced that 
the choice of the support and surface morphology are crucial for particular favored 
dissociation mode. Various adsorption modes originating from the interaction of 
methanol with the regular and defected thin magnesia films were studied by employing 
Fourier transform infrared and thermal desorption spectroscopies, and ab initio 
cluster/periodic model calculations,30 and the results indicate the defect rich films 
should be highly reactive and responsible for the hydrogen release. N2O2 dimer forms 
preferentially on neutral F centers on ultrathin magnesia (001), and subsequently the 
reduced product N2O can be obtained with small activation barrier of about 0.1 eV.
31 
The interaction of NO monomer with low-coordinated cations of thin magnesia is 
strong and prevents the formation of diamagnetic species, which is responsible for small 
fraction of paramagnetic chemisorbed species in EPR experiments.32 Recently, Song et 
al.30b, 33 uncovered the remarkably strong chemisorption of nitric oxide and the splitting 
behavior of molecular methanol on metal-supported ultrathin magnesia (001).  
The adsorption and splitting behavior of water over metal oxides has attracted a great 
deal of attention because of its fundamental importance in electrochemistry, surface 
science, solar energy conversion, geochemistry and heterogeneous catalysis.1a, 34 The 
interaction of water with magnesia has been extensively studied previously. Kim and 
Kawai’s group reported two dissociation pathway (vibrational excitation and electronic 
excitation) of water on ultrathin magnesia film using low-temperature scanning 
tunneling microscopy.35 The enhanced chemical activity for water dissociation was 
found on silver supported magnesia film, which possibly originates from the high 
stability of dissociative adsorbates and the strong hybridization of electronic states at 
the interface structure.36 The strain-induced enhanced reactivity of ultrathin magnesia 
deposited on Mo(001) that causes water dissociation has been identified at the single-
molecule level.37 By coadsorption of water and oxygen, a series of highly reactive 
oxygen species including superoxide, hydroperoxide, hydroxyl and single oxygen 
adatoms are formed on metal-supported magnesia films.38 The X-ray photoelectron and 
Auger spectroscopy also verified the greatly enhanced dissociation behavior of water 
on ultrathin magnesia film.39 Rational manipulation of interfacial local structure by 
introducing vacancies and ligand field effect, which changes the charge distribution at 
the oxide surface, play important role in controlling the surface reactions.40 Goodman 
et al. predicted that dissociative adsorption of H2O at the magnesia-water interface is 
energetically more favorable than molecular adsorption, due to polarization of the 
surrounding solvent.41 The metastable impact electron spectroscopy and thermal 
programmed desorption reveal the prominent multilayer water adsorption before the 
entire coverage of water.42 Compared with the terrace sites, the low-coordinated anions 
of MgO at step, edge and corner sites show much higher basicity and reactivity. 
Pacchioni and Freund discussed in detail the important influence of nanostructuring and 
nanodimensionality on the occurrence of electron transfer in the combined oxide films 
and metal substrate.43 The deep understanding of electron transfer effect is essential to 
get atomic-scale information and reactive activity about magnesia, which is a wide gap 
insulator. The particular charge state and high thermal stability of adsorbates can be 
induced by adsorbate-surface interaction on metal-supported ultrathin oxide films.5c, 16, 
44 In this study, the homolytic fragmentation states of water on ultrathin magnesia films 
are investigated in detail. As far as we know, the energetically favorable homolytic 
fragmentation channel of water on perfect insulating oxide such as magnesia (001) has 
never been reported before without participation of surface defects or morphological 
irregularities. 
2. Methodologies and Models 
  We perform periodic density functional theory calculations using gradient−corrected 
Perdew-Burke−Ernzerhof (PBE) exchange-correlation functional.45 As the polarization 
and dispersion forces play an important role for the adsorption of water on the insulating 
magnesia and the adhesion of magnesia film to the metal support, the DFT−D3 (Version 
3.0, Rev1) approach proposed by Grimme et al.46, which for the first time introduces 
geometry dependent information in dispersion correction by employing the new 
concept of fractional coordination numbers to interpolate between dispersion 
coefficients of atoms in different chemical environments, is added on to the standard 
Kohn-Sham density functional theory to accurately consider the van der Waals (vdW) 
interactions. The projector augmented wave (PAW) technique47, which further develops 
the US−PP concept by combining ideas from the pseudopotential and linear 
augmented−plane wave methods, is adopted to describe the interaction between the 
core and valence electrons. The plane wave basis sets are used to represent the valence 
electrons of the systems, and a large kinetic energy cutoff of 500 eV is used to expand 
the Kohn-Sham orbitals. The cutoff radii for calculating pair interactions and 
coordination number in vdW−energy expression are 50 Å and 20 Å, respectively. The 
damping function parameters for sixth and eighth order dispersion terms are 1 and 
0.7875 respectively.  
The lattice constants of bulk magnesia and molybdenum are optimized to be 3.121 
Å and 4.201 Å respectively, which agree well with their experimental values 3.147 Å 
and 4.212 Å.48 The metal substrate has been modeled by four molybdenum layers. 
During the calculations, we use the supercell consisting of 4×4 unit cells of 
molybdenum (001). The 1 layer – 5 layer ultrathin magnesia films has been deposited 
on the metal slab to construct the MgO(001)/Mo(001) hybrid structures. The supercells 
contain 16 Mg and 16 O, and 16 Mo atoms per layer. Due to the mismatch between the 
bulk magnesia and molybdenum, the magnesia surface are extended by 4.8% after 
deposition on molybdenum substrate. The single crystal surface of bulk magnesia (001) 
is represented by six layers magnesia slab, with the bottom two layers magnesia fixed 
to their bulk position. The bottom two layers of molybdenum slab are fixed to their bulk 
position to mimic structure and properties of inner bulk molybdenum, while top two 
layers molybdenum and the magnesia film of MgO(001)/Mo(001) composite surface 
are fully relaxed until all atomic Hellmann−Feynman forces are lower than 0.02 eV Å−1. 
The (2×2×1) and (4×4×1) Gamma-Centered k-points methes are used to sample the 
first Brillouin zone, for the energy minimization during structural relaxation and the 
description of the electronic properties, respectively. The periodic boundary condition 
in z direction with a large vacuum gap with the distance of 17 Å is applied to avoid 
image-image interaction and separate successive slabs. The fragmentation reaction 
profiles and activation barriers are obtained using the climbing image nudged elastic 
band (CI-NEB) method implemented in VTST code,49 which finds the highest saddle 
point more efficiently and accurately than original method thanks to the better tangent 
definition and improved estimate of reaction coordinate. The aforementioned electronic 
structure calculations on the slab models are based on density functional theory at the 
level of generalized gradient approximation (GGA) and performed with Vienna Ab 
Initio Simulation Package (VASP).50 The adsorption energies of molecular or 
dissociative water on bare magnesia (001) are obtained by the formula 
Ead = E(water/MgO(001)) – E(water) – E(MgO(001))   (1) 
The adsorption energies of molecular or dissociative water on metal-supported ultrathin 
magnesia (001) films are calculated as 
Ead = E(water/MgO(001)/Mo(001)) – E(water) – E(MgO(001)/Mo(001))  (2) 
The negative sign of adsorption energies (Ead) corresponds to an exothermic adsorption 
or dissociation. Utilizing the charge density decomposition program developed by 
Henkelman et al.,51 the Bader charge population is analyzed on the obtained total charge 
density, at very fine fast Fourier transform grids that accurately reproduce the correct 
total core charges. Electronic and geometric structures for adsorption and fragmentation 
of water on bare and metal-supported magnesia (001) are analyzed and visualized using 
the Visual Molecular Dynamics (VMD) program,52 VASPMO program,53 together with 
the VESTA program.54 
3. Results and discussion 
3.1 Water adsorption on pristine magnesia (001) 
We first performed DFT-D3 calculation to illustrate the formation of molecular 
adsorption state (A) on bare magnesia (001) surface. The water molecules and the bare 
magnesia (001) slabs are preoptimized, and the favorable adsorption structure is 
obtained with one surface magnesium occupied by water molecule (Figure 1). The 
hydrogen of water interact with surface oxygen through hydrogen bonds. The binding 
energy of water on the bare magnesia (001) is calculated to be -0.653 eV at DFT-D3 
level, and the dissociative adsorption energy is 0.504 eV. The dissociation of water is 
highly endothermic by 1.157 eV with large activation energy barrier 1.167 eV, leading 
to the formation of surface hydroxyl groups.  
 
Figure 1. Geometric structures for water adsorption (a) and dissociation (b) on bare 
magnesia (001); (c) the reaction pathway for water dissociation on bare magnesia (001) 
at DFT-D3 theoretical level.  
 
 
3.2 Water dissociation on metal-supported magnesia (001) 
The binding strength for molecular adsorption of water on molybdenum supported 
magnesia (001) films are substantially larger than that on bare magnesia slab. 
Quantitatively, the adsorption energies for molecular water are calculated to be -0.805 
eV, -0.853 eV, -0.826 eV, -0.854 eV and -0.832 eV on 1 ML ~ 5 ML ultrathin oxide 
films deposited on molybdenum, respectively. As listed in Table 1, the bond distances 
of Ow-H1 are in the range of 1.043 Å ~ 1.063 Å, which is slightly lengthened than that 
of isolated water molecule (0.972 Å). The O1-H1 distances are in the range of 1.502 Å 
~ 1.536 Å, which can be typically classified as hydrogen bond. The molecular 
adsorption of water leads to surface rumpling of top layer. The monolayer oxide film 
deposited on molybdenum exhibits largest degree of surface rumpling. The adsorbed 
water molecules are negatively charged with the amount of charge between -0.076 e 
and -0.288 e. The charging amount of water on even layer oxide films are larger than 
that on odd layer oxide, essentially in agreement with the sequence of adsorption 
energies, as shown in Figure S1. The computed net charges on H1 are smaller when the 
hydrogen bonding interaction between H1 and surface oxygen are stronger (Figure S1). 
We have also derived the surface rumpling versus film thickness curves, which indicate 
that the rumpling values are more severe for the structures with an odd layer oxide films. 
The smaller surface rumpling facilitate the larger adsorption energy.  
Table 1. The geometric parameters and surface rumpling (in angstrom) for 
molecular water adsorption on 1 ML ~ 5 ML ultrathin oxide films deposited on 
molybdenum, at DFT-D3 theoretical level.  
Film thickness Ow-Mg Ow-H1 O1-H1 Ow-H2 Δza 
1 ML 2.098 1.043 1.536 0.972 0.309 
2 ML 2.109 1.063 1.502 0.972 0.117 
3 ML 2.116 1.053 1.525 0.971 0.136 
4 ML 2.112 1.052 1.530 0.972 0.123 
5 ML 2.117 1.051 1.533 0.972 0.125 
a The surface rumpling are defined as the projected distance of the top atom and the 
bottom atom of the first layer, in z direction. 
 
Bader charge populations (in electron) of Ow, H1, H2, O1, Mg1 atoms, the magnesia 
films and molybdenum substrates for molecular water adsorption on 1 ML ~ 5 ML 
ultrathin oxide films deposited on molybdenum are calculated and listed in Table 2. The 
charge amounts of H2 are smaller than that of H1, due to the multiple ionic interaction 
between H1 and surface magnesium. The net charges of Ow exhibit mild even-odd 
alteration effect, which is similar to varying pattern of charges of water. As the O1 of 1 
ML oxide film form ionic bonds with surrounding magnesium, hydrogen bonds with 
H1, and unique covalent bonds with molybdenum atoms underneath, O1 of 1 ML oxide 
film possesses relatively small negative charge. The magnesium loses electrons to 
oxygen very easily and the adsorption interaction of molecular water leads to very 
limited impact on the charging state of surface magnesium. The Mg1 charges of 1 ML 
- 5 ML systems show little differences. The Mg1 of 1 ML system exhibits smaller 
positive charge, due to the lack of perpendicular O-Mg ionic bond. Generally, the 
charge transfer is largest for the 1 ML system, where magnesia film and molybdenum 
carry charge values + 1.954 e and -1.879 e, respectively. 
  The atomic structure of water molecule adsorbed on thin magnesia (001) film for 
molecular adsorption (state A), heterolytic dissociative adsorption (states D1, D2 and 
D3) and homolytic dissociative adsorption (D4 state) are depicted in Figure 2. The 
molecular adsorption energies at A state, the heterolytic dissociative adsorption 
energies at D1 and D2 states, the homolytic dissociative adsorption energies at D3 state 
are obtained and presented in Table 3. The even-layer oxide films exhibit stronger 
adsorption interaction toward water molecule with more negative adsorption energies, 
at A and D1 states. For dissociative adsorption states D2, D3 and D4, the water 
adsorption on monolayer oxide film exhibits most negative dissociation adsorption 
energies. The homolytic dissociative adsorption energy of water on monolayer oxide 
film is calculated to be as large as -1.192 eV. The homolytic dissociative adsorption 
energy decreases promptly with increase of the oxide thickness (-0.542 eV for 2 ML 
oxide film), even to positive adsorption energy (0.181 eV, 0.831 eV and 1.509 eV for 3 
ML – 5 ML oxide films), indicating the nanoscale (such as thickness) of oxide film 
plays a crucial role in water dissociation on oxide surface.  
  For homolytic dissociative structures, the net charges of dissociative water, H1, 
surface Mg1, Mg2, Mg3 do not exhibit obvious even-odd varying pattern. The charge 
of dissociative water on 2 ML MgO (001) presents most negative value. The charge H1 
is determined to be negative, indicating the formation of hydride ion and the electron 
accumulating behavior of hydrogen on magnesia-molybdenum hybrid surface. Mg3 
carries more positive charge, due to its chemical connection with surface hydroxyl 
(OwH). The charges of Mg1 and Mg2 are lower than Mg3, because of the larger covalent 
component of H-Mg bonding than that of O-Mg bonding. On the 1 ML 
MgO(001)/Mo(001), charge difference between Mg3 and Mg1 is very small, because 
the Mg3 is two coordinate on 1 ML MgO(001)/Mo(001), and three coordinate on 2 ML 
– 5 ML MgO(001)/Mo(001) surfaces. The geometric parameters for homolytic 
dissociative adsorption of water on 1 ML – 5 ML ultrathin oxide films deposited on 
molybdenum are listed in Table 4. Analogous to the adsorption state, the surface 
rumpling exhibit even-odd parity effect, in a manner that the surface rumpling for even-
layer oxide films are larger than that of neighboring odd-layer oxide films (as shown in 
Table 4 and Figure 3). However, compared with the rumpling values on pristine 
magnesia, the surface rumpling on metal-supported magnesia are substantially larger, 
which are 1.231 Å, 1.088 Å, 1.116 Å, 1.087 Å, and 1.098 Å for 1 ML – 5 ML oxide 
films respectively. Ow-Mg bonding distance are largest for 1 ML oxide film. The 
optimized H1-Mg1 distances are in the range 1.844 Å ~ 1.860 Å and the H1-Mg2 
distances are calculated to be in the range 1.852 Å ~ 1.883 Å, indicating the bonding 
interaction of H1 with surface magnesium. The sum of H1-Mg1 and H2-Mg2 distances 
are 3.712 Å, 3.716 Å, 3.719 Å, 3.731 Å and 3.736 Å, indicating the bonding strength 
are weaker for homolytic dissociative adsorption of water on thick oxide films. The 
bonding parameters and coordination numbers are more severely changed after the 
homolytic dissociative adsorption of water on 1 ML – 5ML ultrathin magnesia films 
deposited on molybdenum (as shown in Table 5). The magnesium at the reaction site 
are only two coordinate for Mg1 and Mg2. The Mg3 is three coordinate on 2 ML – 5 
ML oxide films, and two coordinate on 1 ML oxide film.  
 
Table 2. Bader charge populations (in electron) of Ow, H1, H2, O1, Mg1 atoms, the 
magnesia films and molybdenum substrates for molecular water adsorption on 1 
ML ~ 5 ML ultrathin oxide films deposited on molybdenum, at DFT-D3 theoretical 
level.  
Film thickness Ow H1 H2 H2O O1 Mg1 MgO Mo 
1 ML -1.278 +0.616 +0.586 -0.076 -1.493 +1.647 +1.954 -1.879 
2 ML -1.286 +0.606 +0.575 -0.105 -1.588 +1.669 +1.473 -1.368 
3 ML -1.283 +0.608 +0.580 -0.095 -1.598 +1.669 +1.493 -1.398 
4 ML -1.378 +0.562 +0.528 -0.288 -1.466 +1.665 +1.762 -1.474 
5 ML -1.283 +0.604 +0.583 -0.096 -1.600 +1.670 +1.484 -1.388 
 
 
Figure 2. The atomic structure of water molecule adsorbed on thin magnesia (001) film. 
(a) Molecular adsorption, A structure. (b) Heterolytic dissociative adsorption, D1 
structure. (c) Heterolytic dissociative adsorption, D2 structure. (d) Heterolytic 
dissociative adsorption, D3 structure. (e) Homolytic dissociative adsorption, D4 
structure.  
 
 
Figure 3. H2O charges, H1 charges, surface Mg charges, surface rumpling, and 
adsorption energies dependent on film thickness (1 – 5 ML) for homolytically 
dissociative adsorption of water on molybdenum supported magnesia (001). 
Table 3. The molecular adsorption energies (Ead, in eV) of A state, dissociative 
adsorption energies of heterolytic dissociative states D1, D2, D3 and homolytic 
dissociative D4 states. 
 
 
Table 4. The geometric parameters and surface rumpling (in angstrom) for 
homolytic dissociative adsorption of water on 1 ML ~ 5 ML ultrathin oxide films 
deposited on molybdenum, at DFT-D3 theoretical level.  
Film thickness H1-Mg1 H1-Mg2 Ow-Mg1 Ow-Mg3 Δza 
1 ML 1.860 1.852 2.006 2.053 1.231 
2 ML 1.844 1.872 1.968 1.984 1.088 
3 ML 1.848 1.871 1.965 1.985 1.116 
4 ML 1.851 1.880 1.971 1.987 1.087 
5 ML 1.853 1.883 1.970 1.991 1.098 
a The surface rumpling are defined as the projected distance of the top atom and the 
bottom atom of the first layer, in z direction. 
 
  When the hydroxyl of molecularly adsorbing water is broken, the surface hydroxyl 
O1H1 and OwH are obtained and first heterolytic dissociative state D1 take place, by 
crossing slight activation barriers 0.006 eV, 0.031 eV, 0.023 eV and 0.024 eV for 2 ML 
– 5 ML oxide films, respectively. The D1 state on 2 ML oxide film shows lowest relative 
energy (i.e., largest adsorption energy) and smallest activation barrier, as shown in 
Figure 4. Compared with the neighboring odd-layer magnesia films and bulk magnesia, 
the even-layer ultrathin magnesia films facilitate the heterolytic dissociation in A state. 
The D2 configuration on 2 ML – 5 ML oxide films can be obtained by translating the 
Film thickness Ead(A) Ead(D1) Ead(D2) Ead(D3) Ead(D4) 
1 ML -0.805 —— -0.947 -0.298 -1.192 
2 ML -0.853 -0.865 -0.836 -0.088 -0.542 
3 ML -0.826 -0.795 -0.722 0.121 0.181 
4 ML -0.854 -0.833 -0.757 0.080 0.831 
5 ML -0.832 -0.808 -0.728 0.114 1.509 
hydroxyl group to bind with two surface magnesium, with slight energy elevation. The 
energy barrier for transformation reaction from D1 to D2 over metal-supported 
magnesia (001) is calculated to be 0.046 eV, 0.080 eV, 0.083 eV and 0.085 eV for 2 ML 
– 5 ML oxide films, respectively (as shown in Figure 5). For the monolayer oxide film, 
the D2 configuration can be formed directly from the exothermic transformation 
reaction from A state to D2 state, with energy release of -0.142 eV and small activation 
barrier of 0.011 eV (as shown in Figure 6). The D3 structure can be formed either 
directly from molecular adsorption state (structure A), or from another heterolytic 
dissociative adsorption state D2, as shown in Figures 7 and 8. The dissociation pathway 
from A state to D3 state shows activation energy barriers of 0.740 eV, 0.854 eV, 1.040 
eV, 1.022 eV and 1.037 eV for 1 ML – 5 ML oxide films, respectively (Figure 7 and 
Table 6). The transformation reaction between heterolytic dissociative state D2 and D3 
present energy barriers 0.885 eV, 0.842 eV, 0.942 eV, 0.952 eV and 0.900 eV, 
respectively for transformation processes on 1 ML – 5 ML oxide films. Generally 
considering the two pathways, the 1 - 2 ML ultrathin oxide films are more favorable for 
dissociating water to form D3 state. The homolytic dissociative adsorption structure D4 
could be obtained by transformation reaction from heterolytic dissociative adsorption 
structure D3 (as shown in Figure 9), presenting activation barriers 0.733 eV, 1.103 eV, 
1.306 eV, 1.571 eV, and 1.849 eV. After dissociation reaction, the hydrogen of surface 
hydroxyl O1H1 translate to bind chemically with two surface magnesium. It is worth 
to note that, compared with the heterolytic dissociative states, the newly formed 
homolytic dissociative adsorption state on 1 ML MgO(001)/Mo(001) possesses 
significantly larger adsorption energy (-1.192 eV) and lower activation energy (0.733 
eV), demonstrating the hydride species are stabilized on ultrathin magnesia.  
 
Table 5. The bonding parameters and coordination numbers (CN) of surface 
magnesium at the dissociative reaction sites for homolytic dissociative adsorption 
of water on 1 ML ~ 5 ML ultrathin oxide films deposited on molybdenum, at DFT-
D3 theoretical level. 
Film thickness Mg1-O a Mg2-O a Mg3-O a CN(Mg1, Mg2, Mg3) b 
1 ML 2.138, 2.328,  
2.980, 3.025  
2.083, 2.097, 
2.704, 2.806 
2.069, 2.101, 
2.574, 2.781 
2, 2, 2 
2 ML 2.050, 2.061, 
3.294, 3.443, 3.458 
1.935, 1.936, 2.882,  
3.189, 3.446, 3.453  
2.000, 2.016,  
2.201, 2.668, 2.744 
2, 2, 3 
3 ML 2.057, 2.063,  
3.386, 3.431, 3.435  
1.936, 1.937, 2.992,  
3.315, 3.436, 3.438 
2.002, 2.024,  
2.255, 2.623, 2.723  
2, 2, 3 
4 ML 2.057, 2.063,  
3.327, 3.416, 3.428 
1.936, 1.936, 2.936,  
3.287, 3.404, 3.418 
2.007, 2.026,  
2.250, 2.629, 2.720 
2, 2, 3 
5 ML 2.054, 2.063,  
3.341, 3.414, 3.417 
1.937, 1.937, 2.934,  
3.290, 3.408, 3.411 
2.005, 2.027,  
2.254, 2.617, 2.717 
2, 2, 3 
a The bonds between magnesia of first layer and oxygen of second layer are given in 
italic fonts. The bond distances smaller than 2.500 are emphasized in bold fonts. 
b Coordination numbers listed here do not take into account the bonds with distances 
larger than 2.5 Å. 
 
Table 6. Activation energy barriers (Ea, in eV) of dissociation and transformation 
reaction processes A → D3, D2 → D3, and D3 → D4. 
Film thickness Ea(A → D3) Ea(D2 → D3) Ea(D3 → D4) 
1 ML 0.740 0.885 0.733 
2 ML 0.854 0.842 1.103 
3 ML 1.040 0.942 1.306 
4 ML 1.022 0.925 1.571 
5 ML 1.037 0.900 1.849 
 
 Figure 4. The reaction pathways for dissociative state D1 of water on 2 ML ~ 5 ML 
ultrathin oxide films deposited on molybdenum, at DFT-D3 theoretical level. 
 
Figure 5. The reaction pathways for transformation from dissociative state D1 to D2 
for water adsorption on 2 ML ~ 5 ML ultrathin oxide films deposited on molybdenum, 
at DFT-D3 theoretical level. 
 
 Figure 6. The reaction pathway for dissociative state D2 of water on 1 ML ultrathin 
oxide films deposited on molybdenum, at DFT-D3 theoretical level. 
 
 
 
Figure 7. The reaction pathways for dissociative state D3 of water on 1 ML ultrathin 
oxide films deposited on molybdenum, at DFT-D3 theoretical level. 
 Figure 8. The reaction pathways for transformation from dissociative state D2 to D3 
for water adsorption on 1 ML ~ 5 ML ultrathin oxide films deposited on molybdenum, 
at DFT-D3 theoretical level. 
 
 
Figure 9. The reaction pathways for homolytically dissociative state D4 for water 
adsorption on 1 ML ~ 5 ML ultrathin oxide films deposited on molybdenum, at DFT-
D3 theoretical level. 
 3.3 The electronic properties for homolytic dissociative adsorption of water on 
MgO/Mo 
  For the homolytic dissociative adsorption of water, we calculated its Bader charge 
populations of OwH, H1, H2O, O1, Mg1, the magnesia films and molybdenum 
substrates to interpret the charge transfer mechanism in the hybrid structure and 
between surface and adsorbates. OwH2 charges are in the range of -0.830 e ~ -0.844 e, 
indicating the direct production of a hydroxyl group, which is similar to heterolytic 
dissociation of water.35 In particular, the charges of H1 are negative with value in the 
range of -0.770 e ~ -0.779 e, confirming the definite formation of surface hydride, 
which are markedly differently from all the reported heterolytic dissociative adsorption 
structures. The total charges of dissociated water are in the range of -1.600 e ~ -1.623 
e. The slightly smaller charge of dissociated water on one monolayer oxide film is due 
to the large charge transfer between the surface atoms of magnesia (001) to underneath 
molybdenum substrate, which to some extent affects the ability of electron 
accumulation of dissociated water. The surface magnesium Mg1, Mg2, Mg3 possess 
least charge value at 1 ML oxide surface. This result can be ascribed to the large charge 
transfer from magnesia to molybdenum substrate and the sufficient bonding interaction 
between oxygen and molybdenum. Consequently, the sufficiency and saturation of 
ionic bonding for surface magnesium are lowered for monolayer oxide film. Compared 
with Mg1 and Mg2, at the reaction site, the charge of Mg3 is largest, for Mg3 is 
connected chemically to surface hydroxyl, and Mg3 possesses higher coordination 
number. The molybdenum substrates in all hybrid surfaces show negative charges, and 
the molybdenum substrates under odd-layer oxide films show more negative charges 
than that under even-layer oxide films. The oxide film exhibit large positive charges, 
and the charge values show obvious even-odd alteration effect (+2.342 e, +2.109 e, 
+2.200 e, +2.054 e and +2.270 e for 1 ML – 5 ML magnesia films, respectively). It can 
be speculated that the odd-layer oxide films show stronger reducibility than even-layer 
oxide films, and are more severely oxidized by adsorbates and metal substrate with high 
electron affinity.  
  The local density of states of H1, H2 and OwH2 are analyzed to reveal the electronic 
structure of homolytic dissociative water on ultrathin magnesia films deposited on 
molybdenum (Figure 10). Compared with other adsorbates, the electronic states of H1 
generally locate at lower energy scopes, for the bonding orbital of H1 is mainly 
distributed in 1s with low energy level. The states of H1 are closer to Fermi level, with 
increasing film thickness. This result implies the thick oxide films is unfavorable for 
stabilizing the produced hydride species. The electronic states of H2 and OwH2 exhibit 
similar tendency and same peak positions at -3.4 eV, -2.8 eV and -2.2 eV, because of 
the strong covalent bonding between H2 and Ow. The highest occupied states of 
produced surface hydroxyl are shifted to energy levels near Fermi level, with the 
increase of film thickness. While the hydroxyl OwH on thinner oxide films are stabilized 
to lower energy levels. States of Mg1, Mg2, Mg3 experience complex fluctuation, 
indicating the multiple bonding with surrounding negatively charged species (Figure 
11). The state intensity of surface magnesium at reaction site is very weak, which 
implies the majority of electrons of surface magnesium are acquired by neighboring 
oxygen, hydride, and hydroxyl species. At energy levels around -3.3 eV, -2.8 eV and -
2.2 eV, the states of Mg3 in 1 ML-3 ML oxide films are significantly weaker than Mg1 
and Mg2, suggesting that Mg3 are oxidized more adequately, and the electrons of Mg3 
at high energy level are grasped readily by the coordinated oxygen and dissociated 
adsorbates. Compared with Mg2, the state peaks of Mg1 in 1 ML oxide film, at energy 
level around -3.3 eV are enhanced. In addition, the states of Mg1 in 2 ML and 3 ML 
oxide films are split at energy levels around -2.8 eV and -2.2 eV, respectively. The 
results can be ascribed to the multiple coordination with produced hydride and hydroxyl 
species. The electronic states for interfacial molybdenum atoms and interfacial oxygen 
atoms show broad overlap between Mo-4dz
2 and O-2pz orbitals at energy levels between 
-2.5 eV and -6.6 eV (as shown in Figure 12), indicating the effective hybridization and 
formation of chemical bonding interaction. For the 1 ML oxide film, large amount of 
electrons occupy states in the range of -4.5 eV to -5.5 eV, while the intensity between -
6 eV and -6.6 eV is very weak. This result is obviously different from the states 
distribution of 2 ML and 3 ML oxide films, indicating the unique coordination 
environment and unsaturated character of interfacial oxygen in 1 ML oxide film.  
  The differential charge density contour for homolytic dissociative adsorption of 
water on monolayer magnesia deposited on molybdenum is shown in Figure 13. Very 
different from the heterolytic dissociation structures, the homolytic dissociation 
products all show electron accumulation effects, which agrees well with the Bader 
charge population. Due to the electron-abstracting property of adsorbate species, the 
top of oxygen around reaction site presents cyan color, indicating the electron depletion 
at this area. All the interfacial oxygen form chemical bonds with interfacial 
molybdenum, and the shared electron pairs shift towards oxygen because of the larger 
electron affinity of oxygen. The obvious electron accumulation with columnar shape 
occurs at the interface area, indicating the effective charge transfer and binding 
interaction between magnesia and metal substrate, even under the circumstance of 
strong oxidizing adsorbates (surface hydroxyl) and severe surface reconstruction. 
Although the electron pairs between oxygen and molybdenum are shifted toward 
interfacial oxygen, the molybdenum inner bulk exhibit electron accumulation effects, 
which is responsible for the general negative charge of metal substrate.  
The electron localization function (ELF) is analyzed to provide appropriate and vivid 
description of the complex chemical bonds in the oxide/metal hybrid structure and 
between the hybrid structure and adsorbates (Figure 14). From the ELF contour, we 
could clearly see the obvious feature of electron localization for the produced hydride 
(H1) and hydroxyl (OwH2) on the magnesia surface, indicating the formation of ionic 
bonds between adsorbates and metal-supported magnesia. Different from the bonding 
of split water and magnesia, the bulk molybdenum exhibit strong electron 
delocalization due to its metallic nature. As depicted in the highest occupied orbital 
(Figure 15), for the homolytic dissociation of water on MgO(001)/Mo, the electrons 
with highest energy level mainly distribute in molybdenum substrate. Due to the 
bonding interaction between surface oxygen and molybdenum, small pieces of highest 
occupied orbital extend to the interfacial oxygen. The bonding orbital of H-Mg, with s 
orbital character, is depicted in Figure 15b. Although the interaction between hydroxyl 
of dissociated water and magnesia is studied extensively, bonding interaction between 
hydride of dissociated water with perfect magnesia is revealed for the first time in this 
work.  
Table 7. Bader charge populations (in electron) of OwH, H1, H2O, O1, Mg1, the 
magnesia films and molybdenum substrates for homolytic dissociative adsorption 
of water on 1 ML ~ 5 ML ultrathin oxide films deposited on molybdenum, at DFT-
D3 theoretical level. 
 
 
 
 
 
 
 
Film thickness OwH2 H1 H2O Mg1 Mg2 Mg3 MgO Mo 
1 ML -0.830 -0.770 -1.600 +1.622 +1.616 +1.623 +2.342 -0.741 
2 ML -0.844 -0.779 -1.623 +1.627 +1.630 +1.652 +2.109 -0.486 
3 ML -0.842 -0.778 -1.620 +1.628 +1.631 +1.654 +2.200 -0.581 
4 ML -0.842 -0.777 -1.619 +1.628 +1.632 +1.652 +2.054 -0.436 
5 ML -0.843 -0.777 -1.620 +1.628 +1.633 +1.655 +2.270 -0.650 
 Figure 10. Local density of states of H1, H2 and OwH2 for homolytically dissociative 
water on 1 – 3 monolayer magnesia deposited on molybdenum. The energies are 
relative to Fermi energy level.  
 Figure 11. Local density of states of Mg1, Mg2 and Mg3 for homolytically dissociative 
water on 1-3 monolayer magnesia deposited on molybdenum. The energies are relative 
to Fermi energy level. 
 
 Figure 12. Projected density of states of interfacial molybdenum atoms and interfacial 
oxygen atoms for homolytically dissociative water adsorbed on 1-3 monolayer 
magnesia deposited on molybdenum. The energies are relative to Fermi energy level. 
 
 
Figure 13. Differential charge density contour for water adsorbing on monolayer 
magnesia deposited on molybdenum, with homolytically dissociative configuration. (a) 
Side view, (b) Top view. The differential charge densities is defined as Δρ = ρ(Total) – 
ρ(H) - ρ(OH) - ρ(MgO) - ρ(Mo). The isosurface value for the differential charge 
densities is 0.002 e Bohr-3. The yellow and cyan colors stand for electron accumulation 
and electron depletion, respectively.  
 
 
Figure 14. Electron localization function for homolytically dissociative water adsorbed 
on monolayer magnesia deposited on molybdenum. (a) Top view, (b) Side view. The 
plots of electron localization function are under the same saturation levels. The blue 
and red regions stand for electron delocalization and electron localization, respectively.  
 
 
 Figure 15. (a) Highest occupied molecular orbital for homolytically dissociative water 
adsorbed on monolayer magnesia deposited on molybdenum. (b) The orbital with 
largest orbital coefficient for H-Mg bonding interaction for homolytically dissociative 
water adsorbed on monolayer magnesia deposited on molybdenum. The isosurface 
values for orbitals are set to be 0.005 e Å-3. 
 
4. Conclusion 
In summary, by utilizing periodic density functional theory calculations with van der 
Waals corrections, we report for the first time the energetically favorable homolytic 
dissociative adsorption behavior of water over magnesia (001) films deposited on metal 
substrate. The water adsorption on pristine magnesia (001) is quite weak and the 
heterolytic dissociation is the only fragmentation pathway, which is highly endothermic 
by 1.157 eV with large activation barrier of 1.167 eV. The binding strength for the 
molecular and dissociative adsorption configurations of water on MgO(001)/Mo(001) 
are significantly larger than corresponding configurations on bare magnesia slab. The 
homolytic dissociative adsorption energy of water on monolayer oxide is calculated to 
be as large as -1.192 eV, which is even larger than all the heterolytic dissociative 
adsorption states. With the increase of the oxide thickness, the homolytic dissociative 
adsorption energy decreases promptly (-0.542 eV for 2 ML oxide film), even to positive 
adsorption energy (0.181 eV, 0.831 eV and 1.509 eV for 3 ML – 5 ML oxide films), 
indicating the nanoscale (such as thickness) of oxide film play a crucial role in 
homolytic splitting of water on oxide surface. When the hydroxyl of molecularly 
adsorbing water is broken, the surface hydroxyl O1H1 and OwH are obtained and first 
heterolytic dissociative state D1 take place, by crossing slight activation barriers 0.006 
eV, 0.031 eV, 0.023 eV and 0.024 eV for 2 ML – 5 ML oxide films, respectively. The 
energy barrier for transformation reaction from D1 to D2 over metal-supported 
magnesia (001) is calculated to be 0.046 eV, 0.080 eV, 0.083 eV and 0.085 eV for 2 ML 
– 5 ML oxide films, respectively. For the monolayer oxide film, the D2 configuration 
can be formed directly from the exothermic transformation reaction from A state to D2 
state, with energy release of -0.142 eV and small activation barrier of 0.011 eV. The D3 
structure can be formed either directly from molecular adsorption state (structure A), or 
from another heterolytic dissociative adsorption state D2. The dissociation pathway 
from A state to D3 state shows activation energy barriers of 0.740 eV, 0.854 eV, 1.040 
eV, 1.022 eV and 1.037 eV for 1 ML – 5 ML oxide films, respectively. The 
transformation reaction between heterolytic dissociative state D2 and D3 present 
energy barriers 0.885 eV, 0.842 eV, 0.942 eV, 0.952 eV and 0.900 eV, respectively for 
transformation processes on 1 ML – 5 ML oxide films. Generally considering the two 
pathways, the 1 - 2 ML ultrathin oxide films are more favorable for dissociating water 
to form D3 state. The homolytic dissociative adsorption structure D4 could be obtained 
by transformation reaction from heterolytic dissociative adsorption structure D3, 
presenting activation barriers 0.733 eV, 1.103 eV, 1.306 eV, 1.571 eV, and 1.849 eV. 
The surface rumpling for homolytic splitting of water on metal-supported ultrathin 
magnesia (001) is substantially larger than that on bare magnesia (001) and exhibits 
even-odd parity effect, in a manner that the surface rumpling for even-layer oxide film 
is larger than that of neighboring odd-layer oxide film. The bonding parameters and 
coordination numbers are more severely changed after the homolytic dissociative 
adsorption of water on 1 ML – 5ML ultrathin magnesia films deposited on molybdenum. 
Bader charge population and differential charge density contours are analyzed to 
interpret charge transfer mechanism in the hybrid structure and between surface and 
adsorbates. The definite formation of surface hydride with negative charges -0.770 e ~ 
-0.779 e and the total charges of dissociated water -1.600 e ~ -1.623 e are markedly 
different from the heterolytic dissociative adsorption state and the molecular adsorption 
state. The electronic states of dissociative adsorbates are located at lower relative 
energy ranges, with decreasing film thickness, which implies the ultrathin oxide films 
(1 ML and 2 ML) are more favorable for stabilizing the produced hydride and hydroxyl 
species. The bonding characteristics between hydride/hydroxyl of homolytically 
dissociated water with ultrathin magnesia (001) is uncovered in this work by 
characterizing the electron localization function and particular occupied orbitals. It is 
anticipated the result here should provide inspiring clue and versatile strategy for 
enhancing chemical reactivity and properties of insulating oxide toward homolytic 
fragmentation of water. 
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